This paper presents fission-track ages and confined track-length measurements from detrital apatites recovered from Ocean Drilling Program Leg 116 Site 717 and 718 cores. We interpret these data in terms of the post-depositional thermal history at these two sites and the thermotectonic history of apatite source areas. Composite apatite samples were derived by combining fine-grained sand samples from Sites 717 and 718 cores over 70-to 120-m intervals over the total depth penetrated at Sites 717 (T.D. = 820 mbsf) and 718 (T.D. = 960 mbsf). Thirty apatite grains per composite sample from ten samples (at least every other sampled interval) were dated and track-length measurements (20-50 per sample) were obtained for all samples.
INTRODUCTION Objectives
Fission-track analysis of detrital apatites recovered from Ocean Drilling Program (ODP) Leg 116 Sites 717 and 718 cores is used to: (1) constrain the thermal history of sediments overlying a region of deformed oceanic crust characterized by anomalous heat flow, and (2) characterize the thermotectonic history of the source terrane(s) from which the sediments originated.
A detailed heat-flow survey of the Leg 116 sites showed that heat flow over kilometer-scale distances in the vicinity of Site 718 ranged from 44 to 166 mW/m 2 , providing strong evidence for upward migration of heat-carrying pore fluids (Cochran, Stow et al., 1989) . Local convective heat transfer is also suggested by nonlinear temperature-depth profiles from other anomalous heat-flow areas in the central Indian Ocean (Geller et al., 1983) . However, the heat source is unknown at this time. Anomalous heat flow in areas of the central Indian Ocean may be a consequence of lithospheric deformation evidenced by folding and faulting of the oceanic crust and overlying sediments (Weissel et al., 1980; Geller et al., 1983) .
To elucidate the origin of these heat-flow anomalies, Site 718 was drilled to collect downhole temperature, geochemical, and sediment physical property data.
The primary objective of this study is to constrain the thermal evolution of sediments recovered from Site 717 and 718 holes using apatite fission-track analysis. The age of oceanic crust in the vicinity of Leg 116 sites is estimated to be about 80 Ma (Norton and Sclater, 1979) . The theoretical heat flow for 80 Ma crust is about 55 mW/m 2 (Parsons and Sclater, 1977) . For steady-state conduction and a mean sediment thermal conductivity of 1.6 W/°C m, a geothermal gradient on the order of 35°C/km is required to maintain this heat flow through the seafloor. For a 35°C/km gradient and heating durations less than 17 Ma (the age of oldest sediment recovered from Leg 116 holes), the upper kilometer of sediment would not attain thermal conditions capable of appreciable shortening of fission tracks in apatite. Shortening of fission tracks that could unambiguously be attributed to post-depositional thermal conditions would, therefore, provide evidence for additional heating by some mechanism other than conduction.
The second objective of this study is to use apatite fissiontrack ages to provide information on distal Bengal Fan source areas. Combined, drilling at Sites 717 and 718 yielded 1470 m of distal Bengal Fan stratigraphy that records a near continuous history of sedimentation over the past 17 Ma (Cochran, Stow et al., 1989) . To the extent that the Bengal Fan records the unroofing of the active Himalayan orogeny, apatite fission-track ages from these two sites provide a means of evaluating source-area denundation rates and the duration of time spent in transport by sediment deposited along the distal fan.
Apatite Fission-Track Analysis
Apatite fission-track analysis is a thermochronometric method that utilizes the annealing susceptibility of damage zones at low temperatures in this mineral to derive thermal history information. The spontaneous fission of trace amounts of 238 U in uranium-bearing minerals such as apatite produces two highly energetic fission fragments that create a linear trail of atomic defects (fission tracks) through the crystal lattice of these minerals . As the spontaneous fission rate of 238 U is statistically constant, the density of fission tracks in a mineral is a function of its uranium concentration and fission-track age. Fission-track ages record the minimum elapsed time during which tracks now present in the mineral have accumulated. Fission tracks in apatite anneal (shorten) at temperatures ranging from about 100°C to 400°C over short-term (<l yr), laboratory time scales (Laslett et al., 1987) . For most geologic situations, partial annealing of fission tracks in apatite occurs over a temperature range of 20°C to 150°C based on empirical data from drill core samples with well-constrained thermal histories (Gleadow and Duddy, 1981; Naeser, 1981 ). Naeser's (1981) data indicate that complete track annealing occurs over a temperature range of about 105°C to 150°C for heating durations of 10 8 to 10 5 yr, respectively.
Apatite fission-track analysis involves both the determination of fission-track ages and the measurement of confined fission-track lengths. For samples that have cooled rapidly through the zone of partial track stability, and have remained below the zone of partial track stability since cooling, the fission-track age is a minimum estimate of the time since the apatite passed through its closure temperature (Dodson, 1973) . However, due to natural geologic heating, apatite fission-track ages may not correspond to any geologic "event." Information about the cooling history, such as cooling rate or post-cooling thermal pulses, is provided by the mean track length and the track-length distribution (Crowley, 1985; Gleadow et al., 1986; Duddy et al., 1988) . In this study, variations in fission-track ages and track-length distributions with depth are used to constrain the post-depositional thermal histories at Sites 717 and 718.
METHODS

Sampling Procedure and Preparation
Samples from Leg 116, Site 717 and 718 holes, are used in this study. Samples were collected from the basal part of gray, fine-grained, sand-mud turbidite beds (Facies 1 of Cochran, Stow et al., 1989) . Ten to fifteen, 10-to 20-cm 3 samples were combined over 70-to 120-m intervals starting from the base of each hole to provide sufficient material for analysis (Appendix A). A total of 14 composite samples, seven from each site, were collected (Fig. 1) . Composite samples are denoted by the last digit of the hole (7 = hole at Site 717; 8 = hole at Site 718)
718
Fault between £ blocks * Fine-grained sand -mud turbidites and the top of the collection interval in mbsf. For example, sample 7-660 is from sediment recovered at Site 717 and contains apatites from the 660 to 760 mbsf interval (Fig. 1 , Table 1 ). Samples were wet-sieved to concentrate the fraction >63 µm. Apatite grains were further concentrated using standard heavy-liquid and magnetic-separation techniques. Apatite separates from each sample were split into two aliquots (one for track-length measurements and one for age determinations) and mounted in epoxy. The mounts were then ground with abrasives to expose internal grain surfaces, and polished using 0.3-µm aluminum oxide on a vibrating lap. Both mounts were etched in 7% HN0 3 (1.6 M) at 20°C for 40 s to reveal spontaneous tracks.
Analytical Procedures
One set of mounts was dated by the external detector method. These mounts were covered with low-uranium muscovite sheets and irradiated at the Texas A&M University reactor facility at a nominal thermal neutron fluence of 1 × 10 16 neutrons/cm 2 . Neutron fluences were monitored using National Bureau of Standards (NBS) SRM 612 glasses located at the middle and ends of the reactor tubes. After irradiation, muscovite covers on grain mounts were etched in 48% HF for 15 min at 25°C to reveal induced tracks. Muscovite covers on NBS glasses were etched in 48% HF for 45 min at 25°C. Muscovite covers on NBS glasses were counted with a 40 × dry objective at a total magnification of 750 ×. Spontaneous and induced track counts were made using a 100 × oil-immersion objective at a total magnification of 1875 ×.
Ages of individual apatite grains (Appendix B) were calculated using a zeta calibration Green, 1982, 1983) employing the Durango apatite (Naeser and Fleischer, 1975) as the age standard. A zeta calibration factor (Hurford and Green, 1983) for the age equation (Appendix B) was established for each of nine runs of the Durango apatite of known age (30.6 ± 0.6 Ma; Naeser and Fleischer, 1975) . A weightedmean of these zeta determinations of 322 ± 20 yr/(tracks cm~2) was then used to calculate fission-track ages. The error associated with this zeta determination is the standard error of the mean at the 95% confidence interval calculated by propagating Poisson errors for fossil track counts in the age standard, induced track counts in the mica detectors, and track DETRITAL APATITES FISSION TRACKS counts in the fluence monitors, as well as the uncertainty in the age of the standard.
To reduce the possibility of bias in individual age determinations, the first 30 countable grains encountered in the mounts were dated. Countable grains were defined as those (1) oriented with their c-axes parallel or subparallel to the polished mount surface and (2) devoid of numerous defects (cracks, inclusions and/or dislocations). A key point in this procedure is that grains with low track densities were not avoided if otherwise appropriate for counting. Ages reported in the text and figures are mean (pooled) ages. Uncertainties in individual and mean fission-track ages were calculated by propagating Poisson errors for fossil track counts, induced track counts, and track counts in the fluence monitors, as well as systematic errors arising from uncertainties in the zeta calibration factor. Uncertainties in ages given in the text and figures represent the standard error of the mean at the 95% confidence interval.
The lengths of horizontal, confined spontaneous tracks in prismatic sections from the second, unirradiated set of mounts were measured with the oil-immersion lens at 1875 x using a drawing tube and digitizing pad. For samples containing grains with sufficient track densities, the lengths of 50 confined, horizontal tracks were measured from the set of unirradiated mounts. Due to uphole decreases in spontaneous track density, fewer confined track-length measurements are available for samples with a depositional age of less then 10 Ma (Table 1) . Uncertainties in sample mean track length also represent the standard error of the mean at the 95% confidence interval.
RESULTS
Confined Track Lengths
Mean lengths of horizontal, confined spontaneous tracks from Site 717 samples are identical, within error, and range from 14.4 ± 0.5 to 14.8 ± 0.3 µm ( Fig. 2A) . These mean lengths are about 10% shorter than mean lengths of unannealed, induced tracks in apatite, which are about 16.3 µm (Gleadow et al., 1986) . Mean confined track lengths from the upper part of the section at Site 718 (290-560 mbsf) are also identical within error (Fig. 2B) , and they are statistically indistinguishable from Site 717 sample mean lengths (Table 1) . * First digit of sample number corresponds to last digit of hole number (7 = Site 717, 8 = Site 718). ** Based on linear interpolation between biostratigraphic age assignments (Cochran, Stow et al., 1989) .
Λ AFT -apatite fission-track. Mean track length (µm) Mean confined track lengths decrease from 14.2 ±0.3 µm below 560 mbsf to 13.2 ±0.4 µm at the base of the hole (Fig.  2B) . Apatites from the lowermost sample (860-960 mbsf) have a mean confined track length that is 20% shorter than that observed for unannealed induced fission tracks in apatite. Track-length distributions for individual samples from both sites are unimodal with one sigma standard deviations ranging from 0.9 to 1.4 µm (Fig. 3) .
Fission-Track Ages
Mean fission-track ages from Site 717 samples increase monotonically from 4.8 ± 1.1 Ma at the top of the hole to 14.3 ± 2.2 Ma at the base (Fig. 4A ). These ages are on the order of 3 to 5 m.y. older than the sediment depositional ages (Fig.  4A ). Mean fission-track ages for the two dated samples in the upper parts of holes at Site 718 increase with depth (Fig. 4B ). The uppermost sample from Site 718 (8-290) and lowermost sample from Site 717 (7-720) are derived from equivalent stratigraphic intervals (Fig. 1) . These samples give mean fission-track ages of 16.2 ± 2.3 Ma and 14.3 ± 2.2 Ma, respectively, and provide a check on the consistency of the data. Mean fission-track ages below 560 mbsf at Site 718 show an overall decrease in age with depth (Fig. 4B) . The lowermost sample (8-860) has a mean fission-track age that is less than or equal to the average depositional age (Fig. 4B ). Although these samples are composed of detrital grains, histograms of single grain ages are unimodal (Fig. 5) . The variance of single-grain ages about the mean age is on the order of 10 to 40 m.y. for all samples except 8-460, which contains one outlier (Fig. 5) .
INTERPRETATION
Post-Depositional Thermal Histories
of Sites 717 and 718 Statistically constant mean track lengths that are only about 10% shorter than unannealed, induced track lengths observed in samples from Site 717 ( Fig. 2A) , coupled with the monotonic increase in mean fission-track ages with depth ( Fig.  4A ), indicate that these samples have existed at ambient or near-ambient temperatures since deposition. Studies of confined track lengths in apatites from a variety of geological settings indicate that, even in undisturbed volcanic rocks that cooled rapidly and were subjected to post-cooling temperatures of less than about 50°C, spontaneous track lengths are always shorter than induced track lengths (Gleadow et al., 1986) . These observations indicate that fission-track lengths in apatite are unstable even at ambient temperatures (Green, 1980 (Green, , 1988 . Hence, the 10% shortening observed in Site 717 samples may be explained in large part by their annealing at ambient temperatures.
The systematic decrease in mean track length and age with depth below 560 mbsf at Site 718 (Figs. 2B and 4B) indicates post-depositional shortening of tracks has occurred over this interval. Recent laboratory annealing studies of apatite confirm earlier observations suggesting that increased chlorine content in the anion site corresponds to an increased resistance to track shortening at any given temperature (Green et al., 1985; Crowley and Cameron, unpubl. data) . Electron microprobe-derived compositional data on apatites from Site 717 and 718 samples (Appendix C) indicate that apatite chlorine content does not vary appreciably between samples. Thus, it is unlikely that the observed downhole shortening of track lengths is related to differences in apatite chemistry. Of the approximately 20% total shortening of mean track length observed in sample 8-860 from the base of the recovered section at Site 718, we estimate that approximately 10% is due to annealing at ambient conditions (as discussed above) and the remaining 10% is due to post-depositional annealing at elevated temperatures.
To constrain time-temperature conditions that could produce the 20% total track-length shortening observed at the base of the recovered section at Site 718, we use Laslett et al.'s (1987) extrapolation of their experimental track-length annealing studies on unannealed induced fission tracks in Durango apatite. There are several difficulties with this approach. First, uncertainties regarding modeling of annealing data are compounded when they are extrapolated several orders of magnitude to geologic time scales (Laslett et al., 1987) . Second, annealing resistance in apatite is known to vary with apatite composition, with chlorine varieties being most resistant (Green et al., 1985; Crowley and Cameron, unpubl. data) . Compositional data indicate that most apatites analyzed in this study are F-OH apatites (chlorine atoms per 13 oxygens < 0.03), whereas the Durango apatite is a F-Cl apatite (chlorine atoms per 13 oxygens = 0.08; Young et al., 1969) . Thus, extrapolation of track-length annealing data from Durango apatite may overestimate temperatures required to produce an equivalent amount of fission-track shortening in these samples. Finally, Laslett et al. (1987) investigated annealing for isothermal conditions, whereas variable temperature annealing is expected for geologic settings. With these limitations in mind, we use Laslett et al.'s (1987) preferred fanning model to estimate that isothermal time-temperature conditions capable of producing a track-length reduction from 10% to 20% in the lowermost sample from Site 718 range from 50° to 55°C, for durations ranging from 17 m.y. (since deposition) to 7.5 m.y. (since the onset of faulting), respectively (Fig. 6 ).
Sediments at the base of the drilled section at Site 718 have been within about 100 m of their present depth below seafloor since the onset of deformation (7 Ma). For a predicted conductive heat flow of 55 mW/m 2 for the approximately 80-m.y.-old crust beneath Leg 116 sites (Parsons and Sclater, 1977; Norton and Sclater, 1979) , and average, measured, sediment thermal conductivities of 1.3 W/°C m above 200 mbsf and 1.9 W/°C m below 200 mbsf (Cochran, Stow et al., 1989 ), a present-day temperature of 33°C is predicted at a depth of 960 mbsf at Site 718 for purely conductive heat transfer assuming steady-state conditions. Apatite fission-track data presented here provide evidence for temperatures greater than 50°C at depths of 860 to 960 mbsf at Site 718, indicating that conductive heat transfer due to lithospheric cooling cannot account for the observed track shortening in samples below 560 mbsf at Site 718.
Variable and anomalously high heat-flow values in the vicinity of Site 718 suggest advection of heat via upward migration of pore fluids (Cochran, Stow et al., 1989 ). Shortening of fission tracks in apatite at elevated temperatures below 560 mbsf at Site 718 implies that convective heat transfer, as evidenced by seafloor heat-flow data in the vicinity of Site 718, is not a transient phenomenon. No evidence is found from either downhole temperature or fission-track data for hydrothermal activity near Site 717, located just 7 km north of Site 718 on an adjacent fault block. The fault separating these two blocks is located approximately 1.5 km north of Site 718 and has been active since 7.5 Ma (Cochran, Stow et al., 1989) . The heat flow conclusions and fission-track observations from Site 718 suggest that this fault provides a conduit for upward migration of heated pore fluids.
Bengal Fan Source Areas A first-order observation from Figure 4 is that mean fission-track ages of samples from Sites 717 and 718 do not deviate from the average depositional age of these apatites by more than about 10 m.y. Because Durango apatite, used in the zeta calibration for calculating fission-track ages, has a mean track length that is 9% shorter than unannealed, induced tracks (Gleadow et al., 1986) , we implicitly correct for equivalent amounts of track shortening in calculating fission-track ages for samples in this study. For samples from Site 717 and the upper part of Site 718, which have experienced 10% track shortening, the last significant cooling event occurred within about 3 to 10.5 m.y. prior to deposition. Cerveny et al. (1988) obtained very similar results in their fission-track study of detrital zircons from Siwalik Group sandstones and Indus River sands in northern Pakistan. They found that these fluvial sands and sandstones contain zircons that are only 1 -5 m.y. older than sample depositional ages ( 18 Ma).
Continuous volcanism throughout the Neogene in the source area(s) could explain such young fission-track ages in detrital apatites from the distal Bengal Fan. However, Neogene volcanics in possible source areas on the Indo-Eurasia continent are really restricted (Gansser, 1964) . The most extensive area of young volcanism appears to be the Gangdese (Trans-Himalayan) Belt, southern Tibet, where local activity has been placed around 10-15 Ma (Coulon et al., 1986) . Crystallization ages of exposed batholiths in the Gandese Belt range from 110 to 40 Ma (Schrárer et al., 1984; Xu et al., 1985) , and the timing of major volcanic activity in this region is placed around 50-60 Ma (Coulon et al., 1986) . The timing of this magmatic activity is too early to account for the apatite ages found in samples from Sites 717 and 718. A more likely explanation for these ages is that they record the timing of rock uplift in the source area(s) through the zone of partial track stability for apatite.
A detrital apatite fission-track age represents the elapsed time during which tracks have accumulated; the age records contributions from its uplift, transport, and post-depositional histories. In the case where no post-depositional annealing has affected the age, the observed age, / obs , is given by:
where: t u = elapsed time required for apatite to pass through its effective closure temperature (110 ± 10°C) and reach the surface (a function of uplift and erosion), t, -elapsed time spent in transport, and t s = elapsed time since final deposition (Zeitler et al., 1986) . The elapsed time since final deposition, t s , can be estimated from nannofossil biostratigraphy (Table 1 and Cochran, Stow et al., 1989) . Because post-depositional track shortening is implicitly corrected for by using an age standard with a similar amount of track shortening for samples from Site 717 and Site 718, taking the mean fission-track age for these samples to be J obs provides a minimum estimate of the timing of the last significant cooling event. If rates of erosion kept pace with rates of uplift, a reasonable first-order approximation, t u can be interpreted as the elapsed uplift time. Therefore, the averaged combined time that apatites spent in uplift (after passing through their closure temperature) and transport for a given sample is estimated by f obs -t s (Fig. 7) . If it is assumed that t u = 0, these time intervals also provide an upper limit on the sample-averaged sediment transport time, indicating that sediment spent no more than about 10 m.y. reaching the distal Bengal Fan after leaving their source areas. Similarly, taking transport time to be effectively instantaneous (setting t t = 0) provides an estimate of maximum, sampleaveraged elapsed uplift time. Maximum, sample-averaged Depositional age (Ma) Figure 7 . Mean fission-track age minus the average depositional age plotted against average depositional age (*-based on a mean age of 18.9 ± 2.7 Ma for sample 8-460 determined by not including the single-grain age of 190.3 ± 79.0 Ma). Mean age minus average depositional age provides a sample-averaged estimate of the maximum duration of time spent in transport, as well as a sample-averaged estimate of the maximum duration of time required for apatite to reach the surface after passing through its effective closure temperature (110° ± 10°C). See text for assumptions and derivation of estimates.
elapsed uplift times determined in this manner range from 2 to 9 m.y. for samples with <10% track shortening (Fig. 7) . These maximum, sample-averaged elapsed uplift times provide a basis for estimating source area denundation rates. Neglecting radiogenic heat production and assuming (1) a constant source-area geothermal gradient, (2) apatites passed upward through stationary isotherms (relative to the earth's surface), and (3) erosion rates approximated uplift rates, an estimate of the minimum, sample-averaged denundation rate (dz/dt min ) is given by:
where T eS = the effective closure temperature of the apatite fission-track system (110° ± 10°C), dT/dz = the average geothermal gradient in the source area, and f umax = the maximum, sample-averaged uplift time as defined above. Taking 30°C/km is an appropriate geothermal gradient for an orogenic terrane (Blackwell, 1971) gives sample-averaged, minimum denundation rates on the order of 0.5 to 1.5 km/m.y. However, these estimates invalidate assumptions (1) and (2). Denundation rates approaching or exceeding about 300 m/ m.y. will compress near-surface isotherms, causing a corresponding increase in geothermal gradients (Parrish, 1985; Koons, 1987) . The above estimates would therefore overestimate true uplift rates. On the other hand, if we assume source area, upper-crustal geothermal gradients never exceeded 60°C/km, which we take as a reasonable upper limit, then these data still imply source-area denundation rates of 300 m/m.y. for all samples. Zeitler et al. (1986) inferred similar unroofing rates for parts of the northern Pakistan Siwalik Group source areas from fission-track ages of detrital zircons contained in Siwalik Group sandstones.
CONCLUSIONS
Fission-track ages and confined track-length measurements from detrital apatites recovered from Leg 116 cores obtained from Sites 717 and 718 constrain the thermal history of the sediments at these two sites and the thermotectonic histories of their source areas. Statistically-constant mean track lengths observed from Site 717 samples suggest that downhole temperatures have never exceeded about 50°C. A decrease in mean track length (14.6 ± 0.3 to 13.2 ± 0.4 µm) and mean fission-track age (21.1 ± 2.9 to 15.8 ± 2.4 Ma) with depth from 560 to 960 mbsf at Site 718 indicates post-depositional shortening of fission tracks at elevated temperatures below 560 mbsf. The total amount of track shortening is estimated to be approximately 20% for the lowermost sample (860-to 960-msbf interval) at Site 718. Based on extrapolation of published laboratory track-length annealing experiments, isothermal time-temperature condition extremes that could produce this degree of shortening are estimated to range from 50°C for 17 m.y. (since deposition) to 55°C for 7.5 m.y. (since the onset of faulting). These estimates argue against conductive heating due to lithospheric cooling as the only mechanism for heating and suggest an additional heat source and/or heat transport mechanism near Site 718.
Dated samples have mean ages that are between 0 and 10 m.y. older than depositional ages. These young ages indicate that sediment transport from source areas required no more than about 10 m.y. Such young cooling ages for detrital apatites also imply source areas characterized by high uplift and erosion rates ( 300 M/m.y.). These denundation rates suggest that source areas similar to parts of the present-day Himalayas supplied sediment to the distal Bengal Fan since at least 17 Ma. Composite samples used in this study consist of six to ten, 10-or 20-cm 3 shipboard core samples combined over 100-m intervals (except 7-0 and 8-390 which were sampled over 120-and 70-m intervals, respectively) beginning at the bases of holes at Sites 717 and 718. Shipboard sampling of these intervals was aimed at uniform representation of the entire interval. However, core recovery and the distribution of units containing sand ultimately dictated sampling. Insufficient recovery and/or lack of fine-grained sand from the 320 to 420 mbsf interval at Site 717 and the 0-to 290-mbsf interval at Site 718 prevented collection of composite apatite samples from these intervals (Fig. 1) .
A summary of the composite samples is provided in the following tables. The depositional age range shown in the AGE column is based on a linear interpolation of age as a function of depth between the age assignments based on nannofossil zones (Cochran, Stow, et al., 1989) . Ages with an asterisk (*) denote interpolated ages. 717B  717B  717C  717C  717C  717C  717C  717C  717C  717C  717C   717C  717C  717C  717C  717C  717C  717C  717C  717C   717C  717C  717C  717C  717C  717C  IMC  717C 717C  717C  717C  717C  717C  717C  717C  717C  717C  717C  718C  717C  717C  717C  717C  717C   718C  718C  718C  718C  718C  718C  718C   718C  718C  718C  718C  718C  718C  718C  718C  718C 718C  718C  718C  718C  718C  718C  718C  718C  718C  718C  718C  718C  718C   718C.E  718C  718C  718C  718C  718C  718C  718C  718C  718E  718E This appendix contains data tables for the determination of fission-track ages of thirty individual apatite grains per dated samples. On each table the following information is given:
Sample-the first digit corresponds to the last digit of the Site number (7 = Site 717, 8 = Site 718), digits following the hypen correspond to the depth (mbsf) to the top of the sampled interval.
NS = number of spontaneous tracks counted (N s ) NI = number of induced tracks counted (N t ) Ratio = the ratio of spontaneous and induced tracks counted (NJN t )
Area Units = number of microscopic grid units in which tracks were counted, where one unit counting area is equal to 8.551 × lO~7 cm For grains with 0 ages (no spontaneous tracks observed) uncertainties were calculated by taking the uncertainty had a single spontaneous track been observed.
(ii) for mean (pooled) sample ages the 95% C. (iii) for weighted-mean sample ages the 95% C.I. = 1.96σ(n)~m, where the mean and standard deviation are given by:
O.-DS;, (B.4) where: tj = fission-track age of i-th grain 1 -weighted mean of the individual grain ages σ, = standard deviation about the fission track age of the i-th grain (equation B.2) n = the number of grains for which ages were determined. Also reported is the chi-squared (x 2 ) value (Galbraith, 1980; Green, 1981) , which tests the hypothesis that the spread in single grain ages may be solely due to Poisson fluctuation of radioactive decay. The probability of exceeding the x 2 value for various levels of confidence is found from the reduced chi-squared value (xt) given by:
where v -the number of degrees of freedom. Green (1981) suggests that a 5% probability of equaling or exceeding x 2 be taken as the cut-off for testing the hypothesis that the distribution of ages in a sample are derived from a single population (i.e., single-aged source terranes). For samples dated in this study, v -29, and at the 5% level the reduced chi-squared value (xt) is 1-47 (Bevington, 1969) . Thus, all samples except 7-0, and 8-460, pass the x 2 test at this level. Green (1981) has suggested taking the unweighted-mean age as being more representative for samples that fail the x 2 test. We feel that the weighted-mean age given by equation B.3 is more representative in this case as it accounts for the uncertainty associated with single-grain age determinations. For consistency we use the mean (pooled) age for all samples; however, we also report the weighted-mean age in Appendix B. The uncertainties associated with either sample age calculation method overlap for all cases; thus, the use of either age would not significantly alter the interpretations presented. Grain   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30   NS   6  2  1  5  3  5  4  0  0  6  4  0  3  3  1  2  3  1  5  2  2  3  0  3  0  2  2  1  9  1   79   Chi-squared value   Grain   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30   NS   2  3  2  1  0  2  2  6  3  3  8  2  1  2  2  1  5  2  3  0  4  1  2  2  1  5  2  4  4  1   76   Chi-squared value   Nl   398  274  88  169  209  484  298  199  120  111  318  86  260  188  555  540  560  117  282  77  62  284  170  378  249  186  328  158  517  252   7917   = 56.20   Area  Units   90  100  36  81  90  90  90  80  100  70  72  90  80  90  80  90  100  25  64  90  100  100  100  90  100  42  100  100 Nl   181  242  92  231  96  75  93  203  280  291  369  116  106  166  126  117  272  228  310  157  112  158  148  89  314  176  91  231  147  181   5398   = 27.07   Area  Units   80  100  70  64  80  40  56  68  56  56  54  100  70  72  100  100  90  70  66  100  50  70  80  25  100  80  70  60  60 
APPENDIX C Apatite Compositions
Electron microprobe compositional data were determined for 20 randomly chosen apatites per sample to test the hypothesis that track-shortening trends reflect variations in sample-averaged apatite Cl content. CaO, 205 P, F, and Cl were analyzed by using the wavelength dispersive system set at a maximum count time of 60 s on a JEOL 733 electron microprobe. Operating conditions were 15 KeV and a 20-nA sample current. A 20-µm beam diameter was used to minimize F burnoff. Avoidance of the 3-P-K α interference with 1-F-K α when analyzing for F was achieved by filtering out the higher order phosphorous peak using the single-channel analyzer. All analyses were converted to weight percent using the Bence-Albee reduction scheme. Determined weight percents for each element were converted to number of atoms per 13 oxygens for a Ca 5 (PO 4 ) 3 (OH, F, Cl) molecule. The mean number of Cl and F atoms per apatite molecule as well as the standard error of the mean at the 95% confidence interval, for each sample, are plotted versus depth for Site 717 (Fig. 8A ) and Site 718 (Fig. 8B) samples. All samples comprise predominantly of F-OH apatites containing on average less than 0.04 atoms of Cl per apatite molecule. No correlation between average anion composition and mean track length is observed. Thus, we conclude that the decrease in mean track length below 560 mbsf at Site 718 is not due to a decrease in apatite Cl content below this depth.
